We performed electrophysiological and behavioral experiments in single leg preparations 37 and intact animals of the stick insect Carausius morosus to understand mechanisms 38 underlying the control of walking speed. 39
Introduction 66
Locomotion results from a complex interplay between neural network activity, muscle 67 activity, and sensory feedback about the self generated movement as well as the environment. 68
Proper locomotion requires a constant adjustment of the locomotor pattern to the changing 69 surroundings. This not only affects the coordination and direction of locomotion but also 70 locomotor speed. Compared to walking, swimming and crawling largely result from an 71 undulatory wave of the body and movement speed is altered by altering the frequency of the 72 rhythmically moving tail, fin or body. Neuronally, this can be achieved for example by 73 altering the tonic excitatory drive from reticulospinal neurons in the brainstem that excite the 74 spinal CPG networks as is the case in the lamprey (Buchanan et al. 1987 it has been found that the mechanism underlying speed change varies with the gait. In these 91 animals, during walking and trot, speed is increased by a decrease in cycle period, whereas 92 during gallop, speed is increased by an increasing stride length. 
Materials and Methods 127
All experiments were performed at room temperature (18°-24° C) on adult female stick 128 insects of the species Carausius morosus (Brunner 1908 ) that were raised on blackberry 129 leaves ad libitum and kept at a 12h:12h light dark cycle. 130
131

Electrophysiological recordings 132
Depending on the preparation, all legs except a single front or single middle leg were 133 amputated at mid-coxa (Fischer et al. 2001) . The animal was then fixed with dental cement 134 (two-component glue, Protemp II, ESPE, Seefeld, Germany) dorsal side up on a foam 135 platform. The dorsal side of the thorax was opened, the gut moved aside, and connective 136 tissue carefully removed to expose the connectives or the mesothoracic ganglion and 137 respective leg nerves for extracellular recording. In the single middle leg preparation pro-and 138 retraction of the remaining middle leg were prevented mechanically with dental cement 139 applied to the coxa and by severing lateral nerves nl2 and nl5 (Marquardt 1940; Graham 140 1985) which contains coxal protractor and retractor motor neurons (MNs), respectively. In all 141 other cases the mesothoracic ganglion was completely deafferented prior to all extracellular or 142 intracellular recordings by cutting or crushing the lateral nerves ipsilateral and contralateral to 143 the recording site to exclude local sensory input, and the body cavity was filled with saline 144
(Weidler and Diecke 1969). 145
In the recordings from the single front leg preparation, mesothoracic nerve activity was 146 recorded extracellularly from the following leg nerves (Marquardt 1940; Graham, 1985) , 147 using monopolar hook electrodes (modified after Schmitz et al. 1991): leg nerve nl2, leg 148 nerve nl5, and the main leg nerve, ncr, which contains the flexor tibiae motoneurons. 149
Furthermore, the activity of connectives was recorded extracellularly from the pro-meso, 150 meso-meta and the neck connectives between the subesophageal ganglion and the prothoracic 151 ganglion. Activity of identified MNs was recorded intracellularly from their neuropilar 152 arborizations in the mesothoracic ganglion as described previously (Westmark 2007). In short, 153 the mesothoracic ganglion was placed on a wax covered steel platform and pinned down with 154 cactus spines (Nopalea dejecta). Recordings were made using thin-walled glass 155 microelectrodes (GC100TF-10; Harvard Apparatus, Edenbridge, UK), filled either with a 156 solution of 3 mol/l potassium acetate with 0.1 mol/l KCl or with a solution of 1.5 mol/l 157 potassium acetate and 1.5 mol/l KCl (electrode resistance 15-25 MΩ). Recordings were made 158 from the neuropil region of the mesothoracic ganglion ipsi-or contralateral to the walking 159 front leg. Signals were amplified by means of an SEC-10 L amplifier (NPI, Tamm, Germany). 160
To penetrate the ganglion more easily with intracellular electrodes, two approaches were 161 taken. The ganglion sheath was either softened by quickly removing the saline from the body 162 cavity and then treating the ganglion sheath with crystals of a proteolytic enzyme (Pronase,  163 Merck, Darmstadt, Germany) for 60-90 s. Alternatively, the ganglion sheath of the segment in 164 focus was removed mechanically with a pair of fine scissors. 165
In all experiments with a one leg preparation, animals walked on passive, light weight, low 166 friction treadmills (Bässler 1993; Gabriel et al. 2003) . A DC-motor attached to the treadmill 167 measured treadmill velocity. The animal accelerated the treadmill during the stance phase. 168
The treadmill velocity therefore indicates step stance phase. The start of the velocity increase 169 was defined as stance beginning. The last maximum in the velocity trace before velocity 170 began its decrease to zero was defined as stance end. Maximum velocity was defined as the 171 maximum of the tachometer trace for a given step, while average velocity was calculated by 172 the integral under the tachometer trace during the stance phase divided by stance duration. 173
In some analyses extracellular recordings were rectified and smoothed. The smoothing was 174 performed with the SPIKE2 smoothing function. The waveform is smoothed by calculating 175 for each sample point the average value of the input data points from time t -T to t + T 176 seconds. T was 0.05s in our analyses. 177
178
Behavioral Experiments 179
For the behavioral experiments, intact animals were glued (ProTempII, ESPE, see above) 180 ventral side down onto a balsa stick that was thinner than the width of the insect (3x5x100 181 mm, W x H x L). The head and legs protruded from the front and side of the stick to allow 182 their free movement. The area around the coxae of all legs and the major part of the abdomen 183 were left free of glue. The balsa stick was inserted into a brass tube that was connected to a 184 micromanipulator and was adjusted to a position approximately 8-15 mm above a slippery 185 surface, which corresponds to the height during free walking. The slippery surface on which 186 the animals walked, and the electrical measurement of tarsal contact that was used to verify 187 touch down and lift off positions for single legs has been described in detail in Gruhn et al. 
Statistical analysis 227
In text and figures, N is always the number of experiments and n is the sample size (number 228 of stepping sequences or number of steps depending on the experiment). 229
For the evaluation of walking sequences in the slippery surface experiments, the sequences 230 were subdivided into bins of 1 second duration. Every step was associated with a bin 231 depending on the starting point of its stance phase. The velocities of steps falling into one bin 232 were matched with each other and evaluated. Regression analysis was done for all leg pairs 233 for which more than 3 data points existed (in almost all cases the analysis was based on 15-35 234 data points). Statistical testing was done with Origin (Vers. 6.1, see above). 235
The inter-leg influence of the stepping velocity of the single front leg on retractor, protractor 236 and flexor MN activity was evaluated by regression analysis as well. The integral of the MN 237 activity normalized by step cycle length was plotted against mean stance phase velocity 238 (integral under tachometer trace during stance normalized by stance duration). The regression 239 analysis was done with MATLAB 7.0 (Mathworks). 240
Significance levels marked with asterisks are as follows: * p<0.05, ** p<0.01, *** p<0.001. 241
242
Results
243
We investigated how changes in walking speed were reflected on different levels of the 244 stick insect walking system. For this purpose, we used extracellular and intracellular 245 recordings as well as behavioral experiments to study how velocity changes affected activity frequency is shown in Fig. 1C to illustrate the definitions of t p1 , t p2 , and t p2 -t p1 . Both, t p1 and t p2 289 were plotted against mean velocity to analyze the possible correlation between the activation 290 strength of the swing phase motor output and the stepping velocity of the previous step. In 291 addition, the time between stance end (Tr max ) and the first FETi spike (t p2 -t p1 ) was plotted 292 against mean velocity. Figure 1D shows the results of the regression analyses for one 293 experiment. The regression line for t p1 (light grey dotted line) showed a negative slope and 294
was not significantly related to mean velocity. The regression line for t p2 (dark grey dashed 295 line) showed a negative slope, but was not significantly related to mean velocity, either. The 296 linear fit of t p2 -t p1 plotted versus mean velocity, however, resulted in a significant correlation 297 with a regression line of negative slope (black solid line, (*)). This result from one experiment 298 reflects the outcome of all 15 experiments analyzed. In all these experiments, no significant 299 correlation was found between the FETi time-to-peak-activity, measured from the beginning 300 of the swing phase (t p1 ), and mean belt velocity. Nor did we find a significant correlation 301 between the FETi time-to-peak-activity measured from the end of the stance phase (t p2 ) and 302 the mean belt velocity in eleven out of fifteen experiments. However, t p2 -t p1 and mean belt 303 velocity were significantly correlated in ten out of the fifteen experiments. This means that the 304 pause between stance and swing phase activity becomes shorter with increasing speed and 305 completely disappears during fast stepping sequences as was observed in the course of this 306 study. 307 308
Inter-leg influence in stepping velocity 309
From the above analysis it became clear that only stance phase related aspects of the single-310 leg motor output for stepping are modified with alterations in stepping velocity. However, 311 how does the intact, six-legged animal modify its stepping velocity? Three possibilities for 312 how alterations in stepping velocity of a six-legged insect are brought about are conceivable 313 which need not be mutually exclusive. The first one is mechanical coupling between the legs 314 through the ground. A second one is that the activity of stepping legs influences their adjacent 315 legs neuronally. And a third possibility is that the stepping velocity of each leg is controlled 316 individually by descending information. Mechanical coupling can be eliminated either by 317 removing all but one leg and investigating its influence on neighboring legs, or by letting the 318 animal walk above a slippery surface. In the next experiments, we used these two strategies to 319 eliminate mechanical coupling and to investigate the neuronal contribution to coordinating 320 stepping velocity between the six legs. By using this latter strategy and removing all legs but the stepping front leg, we first studied 332 a potential correlation between front leg stepping velocity and the activity in MN pools of the 333 ipsilateral middle leg. We used regression analysis to find such a potential correlation during 334 the respective front leg step cycle. Figure 2A shows a front leg stepping sequence and 335 simultaneous extracellular recordings of ipsilateral mesothoracic protractor and retractor MNs 336 with the rectified and smoothed traces underneath for further analysis (T=0.05s). During 337 straight walking, the retractor coxae muscle acts as a stance phase muscle, while the retractor 338 coxae muscle moves the leg anteriorly during swing. The mean treadmill velocity was 339 determined by the integral under the tachometer trace during the stance phase, normalized to 340 respective stance duration. As a correlate of the mean neuronal activity in the extracellular 341 nerve recording, we used the integral under the rectified and smoothed recording for each step 342 cycle, normalized by respective step cycle period ( Fig. 2A ). The two integrals were then 343 plotted against each other. Figure 2B shows this plot for protractor (gray) and retractor MNs 344 (black) in the experiment shown in figure 2A . In this case no significant correlation existed 345 between mean stance velocity and ipsilateral mesothoracic retractor or protractor MN activity. 346
Out of 11 experiments, a significant correlation between mean stance velocity and protractor 347 MN activity was found in only four, a correlation with retractor MN activity in only one 348 experiment. In none of the experiments were both protractor and retractor MN activity 349 correlated with front leg stepping velocity. In summary, we did not detect a systematic 350 relationship between the motoneuronal activity in deafferented ipsilateral mesothoracic 351 protractor and retractor MNs and front leg stance velocity. We also checked for a velocity 352 dependence of the instantaneous frequency of the mesothoracic retractor MNs, which are 353 active in stance and, again, found no velocity dependence to front leg stepping. 354
355
We found similar results for the activity of motoneurons located contralateral to the 356 stepping front leg. We recorded from pro-and retractor MN pools of the contralateral 357 mesothoracic hemiganglion, which display tonic activity under these conditions (Borgmann et 358 al. 2007 ). In analogy to the experiments on the ipsilateral side, we again used a regression 359 analysis to test for a potential correlation between front leg stepping velocity and the 360 motoneuronal activity during the respective front leg step cycle. Figure 2C shows a front leg 361 stepping sequence and simultaneous extracellular recordings of contralateral mesothoracic 362 protractor and retractor MNs with the rectified and smoothed traces underneath for further 363 analysis (T=0.05s). Again the integrals under the tachometer trace and the rectified and 364 smoothed traces from the extracellular recordings were used as correlates of the stepping 365 velocity and mean activities of protractor and retractor MNs (Fig. 2C) . Figure 2D shows a plot 366 of mean stance velocity against mean activity of protractor (gray) and retractor (black) MNs 367 for the experiment shown in figure 2C . In this case a linear relationship existed between 368 stepping velocity and mean MN activity for retractor MNs but not for protractor MNs. In 369 total, in four out of seven experiments a correlation between retractor MN activity and front 370 leg stepping velocity was found, while protractor MN activity was correlated with front leg 371 stepping velocity in only two out of seven experiments. In only one experiment were both 372 protractor and retractor MN activity correlated with front leg stepping velocity. In summary, 373 again, we did not detect a systematic relationship between the motoneuronal activity in 374 contralateral mesothoracic protractor and retractor MNs and front leg stepping velocity. (Fig.3C,D) . In four out of six animals we found no significant 392 correlation between front leg stepping velocity and the tonic or the phasic membrane potential 393 modulation or both together in recordings from ipsilateral flexor motor neurons (data not 394 shown). On the contralateral side, no correlation was detectable between the tonic, the phasic 395 membrane potential modulation in the MNs or both, and the mean front leg stance velocity in 396 5 of 8 animals (data not shown). This was equally true for stepping sequences that started 397 autonomously as well as for those which were elicited by tactile stimulation. 398 399 400
Walking and acceleration in the six-legged, intact animal 401
In the preceding paragraph, we reported a lack of systematic influence of front leg stepping 402 velocity in the single leg preparation on the neuronal activity of motor neurons of the 403 neighboring legs. From this it is conceivable that each leg of a stepping stick insect regulates 404 its own stepping velocity independently of the other legs and that entrainment to a common 405 We therefore recorded the extracellular nerve activity from the pro-to-meso-, the meso-to-448 metathoracic, and the neck connective during single front leg stepping. Figure 5A In the present study we further investigated changes at the neuronal and behavioral level that 504 accompany alterations in walking speed in the stick insect. First, we provide additional 505 evidence, based on a detailed analysis of the time course of the stance-to-swing transition, that 506 swing phase motor activity is not being modified in conjunction with changes in walking 507 speed. Only the latency between the end of stance phase motor activity and onset of swing 508 phase motor activity was found to be reduced with increasing stepping velocity. Second, using 509 extra-and intracellular recordings from middle leg motoneurons in animals stepping with a 510 single front leg, we found that alterations in its stepping velocity were not reflected in 511 motoneuron activity of the caudal thoracic segment, either in the extracellularly recorded 512 activity of motoneuron pools or in single intracellularly recorded motoneurons. Third, 513 studying the intact, six-legged animal, walking on a slippery surface, we found no systematic 514 correlations between the stepping velocities of the different legs in the steadily walking 515 animal, although a gradient with decreasing stepping velocities from front to hind legs was 516 observed. However, upon acceleration and subsequent deceleration, induced by tactile 517 stimulation of the abdomen, stepping velocities for neighboring front and middle legs were 518 systematically correlated with each other. 519 520
Middle leg stepping velocity: the role of swing phase motoneuron activity 521
In the six-legged stick insect, changes in walking speed are known to be associated with 522 alterations in the stance phase, which shortens towards faster speeds while the stride 523 amplitude remains unaffected (Wendler 1964). The same can be said for the single stepping 524 leg of the stick insect, as reported by Gabriel and Büschges (2007) or the equivalent stance 525 phase motor neurons in the cockroach (Watson and Ritzmann 1998a,b). When we 526 investigated, whether also extensor, that is, swing motoneurons of a stepping middle leg 527 contribute to changes in stepping velocity, we found stepping speed not to be correlated with 528 any characteristics of extensor motoneuron activity such as spike frequency. Instead, a 529 correlation between stepping velocity and the timing of the extensor burst onset became 530 apparent. In ten out of fifteen experiments, the time between stance end and the onset of 531 swing activity (pause at the transition from stance to swing) showed a significant negative 532 correlation with mean stepping velocity. The pause between stance and swing phase activity 533 became shorter with increasing speed and completely disappeared during fast stepping 534 sequences. This result is reminiscent of the shortening of transition between coxa-femur 535 flexion and extension by the aid of fast depressor coxae spikes at the transition from swing to 536 stance in fast running cockroaches (Watson and Ritzmann 1998b), but differs from earlier 537 findings by Fischer et al. (2001) , who described the duration of the pauses in the stepping 538 cycle of the single stick insect middle leg to be independent of cycle period. However, these 539 earlier results are based on measurements using an earlier version of the treadmill, which had 540 much larger friction and therefore allowed only slow velocities (Gabriel et al. 2003) . animal was induced to modify its stepping velocity after we applied a tactile stimulus were we 609 able to detect significant systematic correlations in stepping velocities between legs. Such 610 correlations in stepping speeds were present between ipsilateral front and middle legs as well 611 as contralateral front and middle legs. The distribution of data points for two walking 612 sequences, exemplified in figures 4Ci and 6Ci, also shows that the correlation present in the 613 accelerating animal is not simply due to a correlation of the highest velocity steps through 614 reaching maximum speed in those legs. The number of steps that showed a strong increase in 615 stepping velocity after a single tickle to the abdomen was usually no more than three or four. 616
Therefore it appears indeed, that coordination in general is improved after tactile, also at 617 lower stepping speeds. On the other hand, even under tactile stimulation, no systematic 618 correlation was detected between hind leg stepping velocity and that of front or middle legs. 619 This is reminiscent of the lack of correlation between the front leg stepping velocity and 620 mesothoracic motor neuron activity in deafferented single-front-leg preparation. One can 621 conclude that stronger neuronal coupling can be elicited by an appropriate sensory, e.g. tactile 622
input, but that this stronger coupling is limited to selected leg pairs only, and in addition 623 might depend on local sensory feedback. This strongly suggests that neuronal inter-leg 624 coordination of stepping velocity in the stick insect walking system is limited to specific 625 behavioral conditions. 626 artificially interrupting or slowing down the stance phase of one leg in the walking stick insect 637 leads to a simultaneous increase in the force developed by the other legs in stance (Cruse 638 1985b) . This mechanism enables the animal to increase the total force propelling the body. 639
Interestingly, just as in our results, the co-activating effect on the hind legs reported by Cruse 640 was much smaller than that in the other legs. It is quite conceivable that this effect, and the 641 inter-leg influences presented here, share common neuronal pathways, which are activated 642 only upon the need for common action between the legs of the animal. 643
644
Another result from the present study is that the stepping velocities of the front, middle and 645 hind legs of the intact animals walking on the slippery surface were significantly different 646 from each other. The highest velocities were in 79% of the cases generated by the front legs 647 and the slowest most often by the hind legs. This observation was true for undisturbed, steady 648 walks, and a similar tendency was seen in those walks during which stepping velocity was 649 increased in response to tactile stimulation of the abdomen, eliciting an escape-like locomotor 650 behavior in the stick insect. Such a finding is in accordance with reports that the front legs 651 take a leading role in forward stepping (Borgmann et al. 2007 ; Rosano and Webb 2007). 652
Since stepping velocity was evaluated as stance progression per time, one could argue that 653 morphological or geometrical differences between the legs, i.e. leg length were responsible 654 for the observed differences in stepping velocities. However, the cycle periods of stepping 655 movements for front and middle legs were similar during steady walking, and shorter in the 656 front legs during acceleration, despite the fact that the front legs are the longest, and the 657 middle legs the shortest legs in C. morosus. This suggests that anatomical constraints did not 658 adversely affect our measurements and that the neural networks generating the stepping 659 
